Introduction
We review the use of nanofluidic devices for chemical analysis with a special focus on conductivity-based detection. Conductivity-based detection methods have the benefit of being label-free and are able to sense a wide range of analytes from ions to proteins to nucleic acids to particles when coupled to a nanoscale channel. We limit this review to experiments that use synthetic and solid state nanofluidic pores and channels for chemical analysis. Reviews that cover biological nanopores 1, 2 and the theory of nanoscale transport 3, 4 can be found elsewhere.
Nanofluidic channels and pores can have one, two, or three dimensions with nanometre length scales. For this review, we refer to nanochannels as conduits having at least one dimension confined to the nanoscale, usually channel depth or width. Nanopores are defined simply as having at least their lateral dimensions (i.e., diameter or width and depth) confined to the nanoscale We survey a range of device formats from conventional nanopore sensors, in which a three-dimensional pore is used to sense changes in conductivity, to in-plane nanopore devices, in which the pore is integrated directly into a micro-or nanofluidic channel.
To accomplish label-free conductivity detection, some element must be incorporated into the nanofluidic device that is sensitive to the presence of the analyte of interest. Nanopores have constrictions through which particles pass transiently and typically cause an increase in the pore resistance that is proportional to particle volume. In-plane nanopores are fabricated directly into micro-and nanofluidic devices and can be used to sense particles multiple times. An alternative strategy to axial current measurement is lateral current measurement with electrodes positioned perpendicularly to the nanofeature and measure current as the analyte passes the electrodes. Electrodes for transverse measurements are placed on both sides of a nanochannel or nanopore and are composed of metal electrodes or additional nanofluidic channels. Ion current rectification is exploited to build detectors based on modification of nanopore surface charge, and the on/off behaviour is used to build diodes and transistors for enhanced device functionality. Time-delayed electrical responses of nanofluidic devices provide impedance measurements for the determination of device dimensions and reaction kinetics. Lastly, conductivity measurements with these devices are complemented by optical visualization. 
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Resistive-Pulse Sensing with In-Plane Nanopores
Integration of in-plane nanopores into microfluidic devices enhances device portability and ease of use, improves mass transfer of the analyte to the pore, lowers sample consumption, and allows integration of enhanced functions. Furthermore, pore geometry is directly characterized, and experiments can also be monitored optically. Planar pores are fabricated in glass, silicon, or polymers with fabrication processes tuned to suit the application of interest.
FIB techniques provide precise fabrication of sub-50 nm features. 58 Nanofluidic channels are patterned directly into silicon 59 or quartz 60 substrates to study the transport dynamics of λ-DNA. Low surface roughness and uniformity of these channels permit a thorough investigation of DNA mobility as a function of potential, measuring the energy barrier to elongate DNA strands as they enter confined space. FIB-milled channels are also replicated in soft polymers, e.g., poly(dimethylsiloxane) (PDMS), such that a single master may yield multiple replicas that are used to track DNA strands with a high degree of device-to-device reproducibility. 61 In addition, the deformability of the polymer channels permits the channel cross-section to be dynamically controlled during the experiment by the application of mechanical force to the substrate. 62 Compression of the channel cross-section slows DNA translocation by an order of magnitude with implications for increasing measurement sensitivity towards discrimination of DNA nucleotides.
Traditional lithographic processes pattern in-plane features that can be hundreds to thousands of nanometres in width. E-beam lithography is used to write metal lines, which are subsequently replicated in PDMS. 63 These devices provide hours of measurement time, and the effect of driving potential on DNA conformation during translocation is studied. Multi-level events are correlated to the folded shapes of the DNA strands. PDMSreplicated nanopores are also used to perform immunoassays in series and parallel. A protein, such as streptavidin, is attached to a latex colloid. 64 Binding of anti-streptavidin increases the diameter of the particle, and this size change is easily detected.
Furthermore, channels can be patterned in parallel and allows for several immunoassays to be performed simultaneously. 65 A microfluidic device in PDMS combines a nanopore with a fluidic balancing arm and is used for high-throughput analysis of nanoparticles and bacteriophage T7. 66 Accurate sub-100 nm particle sizing is accomplished at a rate of 500,000 particles per second.
Three-dimensional pores are also incorporated into planar devices. A glass nanopipette is inserted into a PDMS device for detection of λ-DNA folding inside the pore and probes the effects of voltage and salt concentration on the translocation pathways. 67, 68 Glass devices exhibit a high tolerance to pH and electrical potential, and the close proximity of the pipette to a glass cover slip enables simultaneous optical imaging. Nanopipette sensors have also been used to detect latex 69 and polystyrene nanoparticles. 70 In-plane sensors may be scaled up to micrometre dimensions, such that cells or bacteria can be studied. A simple PDMS micropore device tracks E. coli, allows accurate measurement of the number and size of bacteria, and may hold promise for early detection of food and waterborne diseases. 71 In addition, the lithographic process used to create these pores permits integration of sensing electrodes. Microchannels are filled with a liquid gallium-indium alloy that creates an electrode surface when cured. These devices are used for experiments at low frequencies, as the enhanced surface area alleviates polarization effects. 72 Recently, a planar PDMS micropore is used to detect microparticles functionalized with antibodies.
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Multiple Resistive-Pulse Measurements on Single Particles
A particle can be driven back and forth through a single pore by reversal of the applied pressure or potential to allow multiple measurements to be made on a single particle. Measurement precision is increased, and the time between events yields additional information. This principle is first demonstrated by passing 27-m diameter polystyrene beads back and forth through a glass micropipette. 74 The same device is used to measure the dissolution rate of air bubbles and the effect of bovine serum albumin on surface tension of the bubble. 75 Multiple measurements made on ss-DNA with a PDMS nanopore increases measurement precision. 76 Recapture of ss-DNA is accomplished with a solid state nanopore for dynamic information of strand conformation. 77 Nanoparticle dynamics are measured by multiple passes through a single glass nanopipette 78 and a single track-etched pore in a PET membrane. 79 When multiple pores are arranged in series, a single particle is measured multiple times without the need to pass the particle back and forth through a single pore. Two different types of multi-pore devices are shown in Fig. 3 , one fabricated with outof-plane pores and one fabricated with in-plane pores. In Fig. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 Simultaneous sensing of ds-DNA molecules transiting a 4-nm SiN pore is performed in a home-built cell by total internal reflectance fluorescence microscopy. 170 Translocation events are monitored by electrical measurements made across the pore showing typical current deviations at the same time fluorescence spikes are detected. Similar measurements are made by confocal fluorescence microscopy in three dimensions to visualize the motion of DNA through a SiN pore embedded into a microfluidic device 171 while current is simultaneously measured to confirm the passing of the particle. Fluorescence detection of DNA is also performed with in-plane FIB-milled nanochannels 101 to verify that deviations in current are caused by transiting DNA molecules.
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Carbon nanotubes positioned between two reservoirs are used to detect single dye molecules by measuring the ionic current passing through the tube as a function of time. 172 Electrical detection of a molecule is again measured as a deviation from the baseline current, and optical detection is made possible by a laser focused just past the end of the tube that excites the dye exiting the tube. Simultaneous fluorescence and conductivity measurements of small, fluorescently tagged polystyrene beads transiting through a SiO 2 -PDMS pore correlate the dependence of the electrical peak shape to the characteristic shape of the pore.
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Conclusions and Outlook
Advances in fabrication techniques have driven research in nanofluidics over the past decade. Conductivity measurements offer a simple, yet powerful means to investigate nanoscale systems. These measurements have the added benefit of being label-free and can detect a wide variety of analyte types and sizes. Furthermore, nanofluidic phenomenona are often exploited to enhance sensing by selective transport and preconcentration.
The ability to fabricate nanopores with dimensions similar to an analyte of interest makes them appealing for resistive-pulse sensing. One or more nanopores may be used to sense the transport of single particles by the change in resistance upon nanopore translocation. Nanopores can also be used to measure single particles multiple times, and multiple nanopores can be arranged in series to obtain more information and increase measurement precision. Electrodes are added to nanochannels or nanopores for transverse conductivity measurements, providing extra detection functionality. Metal or fluidic electrodes are used to monitor changes in current as analyte passes through a nanogap. Enhanced spatial resolution over traditional resistive-pulse sensing measurements is obtained with the potential application of DNA sequencing. A simple bulk conductance measurement in nanochannels is also used to probe analyte binding to nanochannel walls, and timedependant signals are used to characterize device geometry.
Nanoscale conduits with an asymmetry in geometry or surface charge may be exploited for ion current rectification-based sensing. Surface charge is modulated by pH and adsorption for control over rectification, and functional groups are used to decorate the surface for specific interactions with target analytes. Finally, optical measurements are used to complement electrical measurements.
Conductivity-based sensing methods are poised to become costeffective bioanalytical tools and will continue to develop as nanofabrication techniques improve. Future generations of conductivity sensors will build upon the work described above in order to improve detection efficiency and address a broad range of analytical applications. A number of challenges currently face electrical sensing technologies and include increasing device-to-device reproducibility, decreasing fabrication costs, and improving detection sensitivity. As these challenges are being met, conductivity-based detection becomes a practical and cost-effective alternative for a number of applications. Most notably, the development of reliable labon-a-chip devices capable of quickly and inexpensively analysing nanoparticles and DNA are an exciting breakthrough in the field. Commercial nanopore systems have been realized for DNA analysis (www.nanoporetech.com and www.nabsys.com), high throughput nanoparticle counting (www.spectradynellc.com), and extended dynamic range particle sizing (hwww.izon.com).
